Abbreviations used: DMO, 5,5-dimethyl-2 ,4-oxazolidine dione; FECW V, fraction of extracellular water volume; FVECW, fractional volume of extracellular water; NMR, nuclear magnetic resonance; OEF, oxygen extraction fraction; PET, positron emission tomography.
Summary: Functional images of regional intracellular pH (pH) and of fractional volume of extracellular water (FVECW ) were obtained in IO patients with recent hemi spheric infarction (between IO and 19 days after onset of symptoms) using positron emission tomography (PET). The volume of extracellular water relative to that of total water was evaluated in each pixel of the PET scan 7-8 h after injection of 76Br. The pHi image was calculated from the data obtained after injection of [IIC]5 ,5-di methyl-2,4-oxazolidinedione and from the FVECW image. Regional CBF, oxygen extraction, and oxygen metabolism were also measured in the same patients. In normal hemisphere, mean ± SD values for FVECW and pHi were 0.12 ± 0.01 and 6.86 ± 0.11. respectively. FVECW was increased in the infarcted area in most pa tients. pHi was increased in the infarct in seven patients A large number of hemodynamic and biochemical alterations of the brain during ischemia have been obtained using various experimental stroke models in animals (Waltz, 1979) . However, these abnor malities usually have been identified during or im mediately after interruption of CBP in experiments that measured only a limited number of physiolog ical variables. The coupling between blood flow, ox ygen metabolism, glucose metabolism, regulation of cell volume, and pH is altered in ischemic stroke models (Siesjo, 1978; Kogure, 1980) . Thus, it seemed important to study the nature of these al terations in patients with recent cerebral infarction.
However, such an investigation requires a non invasive methodology. So far, positron emission to-and unchanged in three. The increase in pHi was not cor related with changes in FVECW, CBF, or CMR02, but there was a significant correlation with the decrease in oxygen extraction fraction in the same region. Thus, the decreased H + content in the infarcted area was correlated with the occurrence of perfusion in excess of metabolic demand. An alkaline shift in pHi enhances the glycolysis rate and could explain why the glucose metabolism is less affected than the oxygen metabolism in recent cerebral infarction. The pHi measured in the infarct could repre sent mainly the pHi of phagocytic cells that use aerobic glycolysis to synthesize hydrogen peroxide. Key Words: Brain pH-Bromine-76-Carbon-II-Cerebral infarc tion -5,5-Dimethyl-2 ,4-oxazolidinedione-Extracellular water-Positron emission tomography. mography (PET) is the only one that offers the pos sibility of studying regional CBP and oxygen and glucose utilization noninvasively in human cerebral ischemic infarction (Wise et aI., 1983; Baron et aI., 1984) . Because changes in intracellular pH (pHi) are an important consequence of alterations in cell me tabolism, the applicability of PET for measuring brain pH has recently been proposed using either 5,5-dimethyl-2,4-oxazolidinedione (DMO) (Syrota et al., 1983; Rottenberg et al., 1984) or carbon dioxide (Raichle et aI., 1979; Brooks et aI., 1984; Buxton et aI., 1984) . These weak acids were labeled with the short-half-lived positron emitter llC, and PET scans were performed at fixed axial tomo graphic level. Very recently, phosphorus elp) nu clear magnetic resonance (NMR) spectroscopy was used to monitor in vivo the changes in brain intra cellular pH, phosphocreatine, ATP, and inorganic phosphate in animals after experimental cerebral in farction (Thulborn et aI., 1982; Naruse et aI., 1983) and in birth-asphyxiated infants (Cady et aI., 1983; Hope et aI., 1984) . Although large-bore supercon-ducting magnets for in vivo 31p NMR spectroscopy are now available for studies in adults, it is still difficult to assess which fraction of the signal comes from extracerebral sources when surface coils are used (Bottomley et al., 1983; Pettegrew et al., 1983) .
In the future, 31p chemical shift NMR imaging will probably be feasible and will be coupled to proton NMR imaging, thus providing separate images of the distribution of pHi and of water as well as of phosphate, phosphocreatine, and ATP in adult human brain. However, the spatial resolution of the images will probably be poor and the simultaneous evaluation of pHi and of oxygen or glucose metab olism will still remain impossible.
In a previous study, we reported an early attempt to evaluate simultaneously the changes in regional tissue acid-base balance, regional CBF, and oxygen metabolism in patients with hemispheric infarction using [llC]DMO and PET (Syrota et aI., 1983) . The brain pH could not be calculated because of the lack of information on the size of the water space of the brain. However, the interesting finding was the cor relation between the increase in [llC]DMO concen tration and the decrease in the oxygen extraction fraction (OEF) in the infarcted area compared with that in the opposite hemisphere.
This study reports the simultaneous tomographic mapping of brain intracellular pH, fractional volume of extracellular water (FVECW), CBF, and oxygen metabolism in 10 patients with hemispheric infarction.
MATERIALS AND METHODS

Patients
Ten patients (4 women and 6 men) who had suffered ischemic stroke were studied. Their age ranged from 23 to 80 years (median age 68 years). The patients were in vestigated between 10 and 19 days after onset of symp toms. A summary of the patient population is presented in Ta ble 1. Informed consent was obtained from all pa tients.
To validate the methodology used to measure the re gional distribution of the FVECW, a preliminary study including only an injection of 76Br was performed in five patients who had suffered complete ischemic stroke. Three patients had an infarction in the territory of the right middle cerebral artery and two in the territory of the left one. Their ages ranged from 49 to 69 years. Pa tients were examined between 2 and 14 days after onset.
Procedure
Three studies were performed on different days in each of the 10 patients with a single-slice positron tomographic system (Ortec, Oak Ridge, TN, U.S.A.). The [11C]DMO study was performed on the first day, in the morning. 76Br was injected the following night at 2:00 a.m., and the scan was done 7-8 h later, in the morning. The 150/C1502 study was performed on the third day in the afternoon when no activity from 76Br could be detected.
DMO study
The method for synthesizing [llC]DMO was described previously (Berridge et aI., 1982) . llC02 was produced in a medical cyclotron, and [llC]phosgene was used as the labeled precursor. To luene was used as solvent instead of ethanol. The radiochemical purity as assayed by high pressure liquid chromatography was >95%.
The head was scanned as a function of time in a single plane corresponding to the localization of the infarction as determined by x-ray computed tomography. A trans mission scan was first performed with an exposed ex ternal positron-emitting ring source (68Ge) to measure the attenuation coefficients for positron annihilation photons at each point in the scanned slice. The emission scans were started 5 min after intravenous injection of 16-28 mCi (592-1036 MBq) of [11C]DMO. Tw enty images were obtained; acquisition time varied from 1 min each for the first five sections to 8 min each for the last section to accumulate at least 300,000 counts for each section.
Radioactive concentrations were calculated in each pixel by the computer. In addition, five circular regions of interest of 2.9 cm 2 (slice thickness was 2 cm) were selected over one hemisphere, and mirror images were copied over the contralateral hemisphere.
[lIC]DMO ra dioactive concentrations, expressed as nanocuries per milliliter of tissue, were measured in the 10 regions of interest. Venous blood samples were collected at different times during PET imaging, and IIC radioactive concen tration in blood and plasma was measured in a gamma counting system. The activity of [IICJDMO in blood and in each area of interest was plotted against time for all patients to check whether equilibrium was achieved in the brain.
Absorbed dose for the total body was � 230 mrads (2.3 mOray) after a 20-mCi injection.
Measurement of FVECW
76Br, a 16.2-h half-life positron emitter, was produced in a no-carrier-added form via the 75As (�He,2n) 76Br nu-mapping of brain extracellular water space was obtained as described above. In addition, regional measurements were made directly from the functional images by copying the areas of interest selected for the DMO study on the functional FVECW image.
Absorbed dose for total body was � 1.1 rads (1.1 cOy) after a l-mCi injection.
Functional image of regional cerebral intracellular pH
The regional cerebral pH; image was obtained using a DEC PDP 11/44 computer programmed to solve the fol lowing equation, which is derived in the Appendix:
(1 + I O PHe-pk a ) -I clear reaction. After a 10-to I S-h decay, arsenic was dis solved in sulfuric acid; after addition of an oxidating me dium, bromine was distilled and trapped as bromide 76Br in NH40H I M. The solution was evaporated, purifi cated, and diluted in stable BrNH4. It was then sterilized and checked for chemical purity by neutron activation analysis. The mass of arsenic contaminating bromide was <6 ng.
Two different protocols were used for the preliminary study aimed to validate the methodology in the group of five patients and for the complete comparative study in the group of 10 patients.
In the first study, transverse sections of the brain were obtained at the same brain level 30, 180, and 360 min after intravenous injection of 1-\.5 mCi (37-56 MBq) of 76Br. Venous blood samples were collected at the same time, and 76Br blood radioactive concentration was measured in a gamma-counting system. Urine was collected during 67 h and radioactivity was measured in urine samples. 76Br radioactive concentrations were calculated in each pixel of the three images obtained in each patient. They were expressed as nanocuries per milliliter of tissue using a calibration factor calculated each week.
The FVECW, which is the ratio of the volume of ex tracellular water to the volume of total brain water, is given by the following equation (derived in Appendix):
where e�� and e�; a are the 76Br radioactive concentra tions in a pixel of the PET image and in plasma, respec tively. The 76Br image was then processed to give a func tional image of the FVECW (FVECW image).
In the complete study performed in the group of 10 patients, a similar dose of16Br (1-1.5 mCi) was injected intravenously during the night and the patients were scanned 7-8 h later. The head was positioned at the same level as that used for the DMO study by carefully checking head alignment using several laser beams on the tomograph and ink dots on the patient's head. The trans mission scan performed before [IIC]DMO injection was used to correct 76Br data for 511-ke V photon attenuation through the head. A single image was recorded for 15-20 min. 76Br concentration was also measured in blood and in plasma at the time of PET imaging. Tom ographic J Cereb Blood Flow Metabol, Vol. 5, No.3. 1985 where e��6 and C��o are the [IIC]DMO concentrations in each pixel of the brain PET section and in plasma, respectively; f is the fractional volume of brain water; pHe is the arterial blood pH; and x is the FVECW. The calculation uses the [IIC]DMO image, the 76Br image, and the measurements of rIIC]DMO, 76Br, and pH of arterial blood.
Measurement of regional CBF, OEF, and CMR02
The 150zlCI502 study was performed in each patient the day following the 76Br study. Patients were positioned at a slice level identical to that used for the DMO and the Br studies. A transmission scan was first performed, as described above. Then patients consecutively inhaled trace amounts of CI502 and 1502, which were delivered at constant rate and concentration from a cyclotron. De tails of the method have been published previously (Jones et aI., 1976; Baron et aI., 1982) . During inhalation of CI502 and 1502, tomographic images of the radioactivity distri bution in the brain were recorded at equilibrium and the radioactivity of arterial blood samples was simulta neously measured. A mathematical model was used to transform the CI502 and 1502 images into functional CBF, CMR02, and OEF images (Frackowiack et aI., 1980; Le brun-Orandie et aI., 1983) .
To limit the number of scans, measurement of cerebral blood volume was not performed. The OEF values were therefore uncorrected for intravascular unextracted 150, and overestimated real OEF by �O.OS for OEF value s ranging from O. IO to 0.60 and by <0.05 for higher OEF values (Lammertsma et aI., 1983; Pantano, 1985) .
Statistical analysis
A one-way analysis of variance was performed to com pare, in the 10 patients, the FVECW and pH; values cal culated in the five areas of interest defined in the normal hemisphere. The F ratio of the mean square of variables between patients to the mean square within patients was compared with the tabulated critical value before using modified t statistics. Pairwise comparisons were done using the Tukey method (1949) .
RESULTS
To mographic mapping of brain extracellular water and pHj was performed after injection of 76Br and [11C]DMO. The measurements of 76Br concen trations in blood and brain made in a first group of five patients showed that in three patients, the equi librium was achieved 6 h after injection. In the other two patients, the brain concentration at 6 h was 15% higher than that measured at 3 h; one cannot be certain that equilibrium was achieved in brain, al though the 76Br blood concentration did not change from the third hour on. Therefore, in the second study including 10 patients, the 76Br images were recorded between 7 and 8 h after injection. Figure 1 shows the comparison of the FVECW, pHi' CBF, OEF, and CMR0 2 images obtained at the same brain level in a patient with an infarct in the right middle cerebral artery territory. All these are functional images derived from the 76Br, [llC]DMO, C150 2 , and 150 2 studies according to the mathematical models described above. The inter esting finding is the relative discrepancy between the areas of increased FVECW or decreased CMR0 2 and the areas of increased pHi and the su perimposition of areas of increased pHi and de creased OEF. It can be seen in Fig. 1 that the FVECW is markedly increased in a large territory. Intracellular pH is increased in most of this area but decreased in the anterior part of it. It is inter esting to notice that pHi is increased in the region where CBF is normal or increased and where OEF is decreased, but that pHi is decreased in the region where CBF is decreased and OEF is normal.
Ta ble 2 summarizes the mean values of several variables obtained in the 10 patients. They were calculated in each subject from the data recorded in five regions of interest selected in the unaffected hemisphere and corresponded to a mixture of gray and white matter. The variance analysis performed on the FVECW values gave a F value of 1.77, thus indicating that there was no difference in the size of the extracellular water space between groups. The mean FVECW value calculated from 10 pa tients was 0.12 ± 0.01 (mean ± SD). The overall comparison of the pHi data obtained in each of the regions of interest for the 10 patients gave a F ratio of 27.31, which is greater than the tabulated p = 0.01 critical value (2.96). The comparison of pHi values between patients using the Tu key method showed that the values of 7.07, 6.99, and 6.98 found in patient nos. 1, 3, and 4 were significantly higher than all the others (p < 0.05), whereas the values of 6.82, 6.77, 6.75, 6.77, and 6.76 obtained in patient nos. 2 and 7-10 were not significantly different. The mean pHi value was 6.86 ± 0.11 (mean ± SD, n = 10). Mean ± SD values for CBF, OEF, and CMR02 were 26.48 ± 7.52, 0.63 ± 0.12, and 3.00 ± 0.45 ml/min/lOO g, respectively.
The extracellular water space in the infarcted area was increased in most patients (Table 3 ). The highest increase (300%) was observed in patient nos. 2 and 10; the extracellular water volume was 48 and 45% of total water in the infarcted area and 12 and 11% of total water in the normal hemisphere, respectively. Intracellular pH was increased in the infarcted area in seven patients and unchanged in three, but never decreased. The maximum change in pHi was 0.45 pH unit in patient no. 3. There was no correlation between changes in FVECW and in pHi' as shown in Fig. 2 . There was no more cor relation between changes in pHi and in CBF or CMR0 2 . It can be seen from Ta ble 3 that CBF was increased in two patients, unchanged in four, and decreased in four. However, the interesting finding was the significant correlation between the increase in pHi and the decrease in OEF. The ratio of the slope of the curve, -120.4, to its standard error, 37.7, was 3.2, thus showing a significant correlation (p < 0.01) between the increase in pHi and the de crease in OEF in the infarcted area ( Fig. 3) .
DISCUSSION
The size of the brain extracellular water volume has been determined in various animal models of cerebral ischemia. However, to our knowledge, no such information has been obtained in humans (Katzman et aI., 1977) . Regional measurement of the fraction of extracellular water volume (FECWV) is made possible by PET because the ra dioactive concentration of a tracer can be accu rately measured in a defined volume selected in a tomographic slice. Many substances have been as sessed for the determination of the extracellular fluid volume in animals. They can be classified in two groups: those having a volume of distribution similar to that of inulin, which include mannitol, raffinose, thiosulfate, and sulfate; and those with a volume of distribution similar to that of chloride, which include sodium, thiocyanate, and bromide. A recent comparative analysis showed that the steady-state spaces of [3H]raffinose, eH]inulin, and [14C]inulin were not significantly different; how ever, the [3H]mannitol, 22 Na, and 36CI spaces were greater than the [3H]inulin one (Smith et aI., 1981) . The exact magnitude of extracellular volume in brain is not known. However, the distribution volume of inulin may underestimate the extracel lular volume since this marker is not distributed over the entire connective tissue water, whereas the distribution space of chloride or bromide tends to overrate extracellular volume because these ions migrate into cells and are lost via the gastrointes tinal tract.
In this study, we used 76Br, which is a positron emitter with a long enough half-life (16. 2 h). We showed in a preliminary study on five patients that an equilibrium could be considered as being achieved within 7 h after injection. This result con firmed the data obtained in humans with 8 2 Br: The volume of distribution was between 5 and 10% less J Cereb Blood FiOlI' Merabo!' Vol. 5, No, 3, 1985 FIG. 1. Tomographic images of a patient (no, 10) 18 days after a right middle cerebral artery territory infarction. The fractional volume of extracellular water (FVECW) image (upper left) obtained 7 h after injection of 76Br shows an increase in the extracellular water space, which is 11% of total water in normal tissue and 45% in the infarcted area, The brain intracellular pH (pH;) image (upper right) shows that pH; is increased in the major part of the infarct (solid arrow) but decreased in the anterior one even though FVECW is increased , The functional image of CBF (center left) shows that CBF is increased in one part of the infarcted tissue (solid arrow) and decreased in the other (open arrow), The oxygen extraction fraction (OEF) (center right) is de creased by 68% in the part of the infarct where pH; is in creased (solid arrow), and is normal (0,62) in the area of the infarct (open arrow) where pH; and CBF are decreased and FVECW is increased, The functional image of CMR02 (lower left) shows a decrease in oxygen metabolism (51%) in the whole infarcted tissue, at 3 than at 24 h, and no difference was seen be tween 6 and 24 h (Staffurth and Birchall, 1960) . Therefore, in our complete study on 10 patients, the PET scan was made between 7 and 8 h after 76Br intravenous injection. A functional image was ob tained by calculating FECWV in each picture ele ment, and several pixels were then grouped to form FVECW, fractional volume of extracellular water: pH;, intracellular pH: OEF, oxygen extraction fraction.
" Patient no. '\ was in severe hypocapnia during the i'O,ICI50, study: arterial pH was measured at the same time.
regions of interest in which regional FECWV values were calculated. The extracellular water volume was found to be 12% of the total brain water volume in the normal hemisphere of the patients. The dis persion of the values around this average within and between patients was very low. The FECWV value measured in each region of interest is a weighted value representing both gray and white matter ex tracellular space, since a region of interest has an area of 2.9 cm 2 and a thickness of 1. 9 cm; the ratio of gray to white matter in each region of interest is unknown, but the regions were selected mainly over the cortex so they could represent a higher percentage of gray than of white matter. The values obtained in animals have differed according to the method and to the species, but have not been very different from ours. Pelligrino et al. (198 1) measured the sulfate space in dog brain and reported values of 22% of tissue weight in cortical gray matter and 5% in peri ventricular white matter. Arieff et al. (1976) found a mean sulfate space of 22%. Kibler et al. (1964) found a value of only 3% with the same marker but a much higher one, 39%, for the mean chloride space. Other authors recorded the cortical impedance to measure the volume fraction of normal cortical extracellular space and reported values ranging from 15 to 24% (Fenstermacher et aI. , 1970; Hossmann, 197 1; Matsuoka and Hoss mann, 1982) . The slightly lower value of 12% re ported in this study can be attributed to the mixing of gray and white matter in the region of interest and to partial volume effects that lead to a loss in count recovery when the object size, in this case the thickness of the cortex, is smaller than the spa tial resolution of the positron camera. The DMO method for measuring intracellular pH has been amply discussed (Waddell and Bates, 1969; Roos and Boron, 198 1; Roos et aI., 1982) . Briefly, the interest of the method for human studies relies on the fact that DMO is a nontoxic molecule, is not metabolized, equilibrates in a time suitable for PET study, and can be labeled with IIC, a 20min half-life positron emitter. Between 20 and 50 min after injection, a DMO equilibrium distribution is achieved in total tissue water that constitutes a closed system (Syrota et aI., 1983) . DMO is a weak acid that dissociates in water. The concentration of the un-ionized form of DMO is equal in all com partments, but the cell membranes are impermeable to the ionized form of DMO so that the ratiQ of ionized to unionized DMO in any compartment is related to the pH prevailing in this compartment according to the Henderson-Hasselbalch equation. Calculation of intracellular pH thus depends not only on the measurement of the [lIC]DMO brain concentration, but also on that of total brain water content and of FVECW. In human studies, FVECW has not been measured so far, even though, as seen above, it can be greatly altered in ischemia or in tumors. In this study, the measured pH is an intra cellular pH and not a weighted average of intracel- J Cereb Blood FIDl\, Mctahol, Vol. 5, No.3, 1985 lular and extracellular pH, since the FECWV was measured by the distribution space of 76Br. How ever, it represents a weighted average of the pHi values of all cells within a resolution element of the positron camera: neuronal, glial, and possibly in flammatory cells. Only two assumptions were made in deriving the equation in the Appendix. First, [IIC]DMO in blood water was neglected and extra cellular pH was assumed to be equal to arterial pH . Second, brain total water content was not measured but was assumed to be 77% of brain volume. We did not measure the regional cerebral blood volume, although it is a common procedure using IICO-Ia beled red blood cells, because the patients under went four consecutive PET studies in 3 days and because we found that neglecting blood measure ment led to minor errors. For instance, we calcu lated the pHi in an area of interest of the normal hemisphere of patient no. 6 either assuming a ce rebral blood volume of 5% of brain total volume or neglecting it. The red blood cell pHi was calculated from whole blood and plasma [IIC]DMO concentra tions assuming a water content of 93% for plasma and 70% for red blood cells. The calculated pHi of red blood cells in this patient was 6.41 and the brain in the selected region of interest was 6.87 instead of 6.94 when no correction for intravascular [IIC]DMO was made. Thus, our measurements are systematically overestimated but the error is smaller than the confidence interval of the values obtained in each patient. On the contrary, partial volume effects that can affect 76Br and lIIC]DMO measurements will lead to an underestimation of pHi' so there will be some cancellation of errors. The second assumption is also acceptable since as suming a fractional volume of water of 87% of the volume of the region of interest instead of 77% yields a pHi of 6.85 instead of 6.94. The mean pHi value calculated in five regions of interest for the normal hemisphere in the 10 patients was 6.86 ± 0. 11. Similar values have been obtained in animals using [14C]DMO as a marker. Kibler et al. (1964) reported a value of 6.69 when chloride space was measured and 7.09 using sulfate space in dog. Arieff et al. (1976) found a value of 7.05 for cerebral cortex and 6.97 for white matter, and Pel ligrino et al. (1981) found 7.07 for cortical gray matter and 7.12 for peri ventricular white matter also in dog brain. U sing the same DMO method, Roos (1965) gave a value of 7.13 for cat brain pHi' Using 31p NMR spectroscopy, pHi was found to be 7.20 in the gerbil brain (Thulborn et aI., 1982) and 7.27 in the rat brain (Naruse et aI., 1983) . Human brain pH values have very recently been published. Rot tenberg et al. (1984) used the [IIC]DMO method but did not measure the size of the extracellular space, and their values represent a weighted average of intracellular and extracellular pH. Brooks et al. (1984) used the IIC02 continuous-inhalation tech nique to measure regional cerebral pH. Carbon dioxide can be easily labeled with IIC and has been proposed to measure cerebral pH by PET (Raichle et aI., 1979) . However, a significant proportion of IIC becomes metabolically fixed during and after IIC02 inhalation, and as a result, cerebral IIC up take reflects both the cerebral pH and the rate of IIC uptake by brain tissue (Lockwood and Finn, 1982) . Buxton et al. (1984) developed a kinetic model that was tested by Brooks et al. (1984) . It accounts for the metabolic fixation of IIC during IIC02 inhalation. The FECWV was not measured, but using a FECWV value of 20% and an extracel lular pH of 7.40, Brooks et al. (1984) calculated in tracerebral pH of �6.77. Using 31p NMR, Hope et al. (1984) reported a value of 7. 14 in infants.
To our knowledge, no data concerning changes in brain extracellular water and intracellular pH in re cent cerebral infarction have been previously pub lished. In most patients, the size of the extracellular water space was increased in the infarcted area. In two patients, FVECW represented 50% of the total brain water instead of 12% in the normal tissue. Use of the bromide space as a measure of the extracel lular fluid volume in the infarcted area led to an overestimate, because 76Br could enter necrotic cells. Bromine is excluded from the intracellular fluid by the transmembrane potential; in the ab sence of an energy source, this potential will de crease and the intracellular concentration of chlo ride and bromide will increase. The extracellular water volume measured in the infarct would thus represent the difference between the total water and the intracellular water volume of living cells. In cal culating FVECW, it was assumed that total water content represented 77% of brain volume. In an ex perimental study of the distribution of water in cat brain after occlusion of the middle cerebral artery, O' Brien et al. (1974a) showed that the water con tent of brain was increased between 4 h and 3 days after occlusion, water content being maximal at 2 days. However, from 4 to 20 days after middle ce rebral artery occlusion, the water content of in farcted brain tissue was only slightly greater than that of nonischemic tissue (80 vs. 76%). The error made in neglecting a possible change in total water content in the infarcted area is thus minor. Our finding of an increase in FVECW in patients studied between 10 and 19 days after onset of symptoms is also in agreement with the data of O' Brien et al. (l974a) . The brain-blood ratio of technetium and sodium was markedly increased in the infarcted area and remained high (for pertechnetate) for 20 days; the time pattern of the increase of total water content in infarcted brain tissue was different from that of the brain-blood ratios for the radioactive substances since total water content came back to normal 5 days after occlusion (0' Brien et aI., 1974b) .
The presence of an intracellular alkalosis in the infarcted tissue was demonstrated in 7 of 10 pa tients. The change in pHi was correlated neither to the change in FECVW nor to those in CBF or in CMR02. An increase of 0.20 pH unit was observed in two patients, one having a 40% increase in CBF and the other a 30% decrease. However, a signifi cant correlation was observed between changes in pHi and in OEF: the higher the pHi' the lower the OEF in the infarcted area. This means that there is a relationship between local lUXury perfusion and intracellular pH. In infarcted and ischemic areas, the aerobic metabolism is reduced, as seen from the decrease in oxygen consumption in all patients. Therefore, CO2 and other acid metabolites are pro duced in smaller amounts in the ischemic tissue and are removed by local perfusion in excess of meta bolic needs (Syrota et aI., 1983) . As a result, the H + activity will be lower than normal, leading to local alkalosis. This does not preclude the existence of tissue acidosis within the first hours after onset of symptoms, since our patients were seen between 10 and 19 days after onset. Quantitative autora diography with [14C]DMO was recently used to study the local changes in brain pH after ischemia in the rat (Kobatake et aI., 1984) . The authors did not measure the extracellular water space and as sumed that it occupies 15% of gray matter; they reported a reduced [14C]DMO concentration after middle cerebral artery occlusion in the areas coin ciding with the most severe reduction of CBF. How ever, no measurement was made >4 h after the oc clusion. Mabe et al. (1983) also showed an intra cellular alkalosis following recirculation to areas of brain ischemia of 15-min duration in rats.
The presence of local alkalosis in recent cerebral infarction may have important consequences for brain glucose metabolism. Shifts in tissue pH affect the glycolysis rate by changing the affinity of phos phofructokinase (EC 2.7.1. 1 1) for fructose-6-phos phate (Lowry, 1964) ; glycolysis is promoted by in creased activity of phosphofructokinase at an al kaline pH (Trivedi and Danforth, 1966; Ui, 1966) . This hypothesis was confirmed in two recent pub Iications. Wise et al. (1983) studied eight patients with recent cerebral hemispheric infarction with PET and the 1502 inhalation and [18Fldeoxyglucose techniques. They found that both regional oxygen consumption and glucose metabolism were signifi cantly depressed within the infarct. The OEF was also low, and the metabolic ratio (the ratio of ox ygen consumption to glucose metabolism) was re duced to 0.25 ml 02/mg glucose instead of 0.68-0.75 ml Oimg glucose in normal brains. However, the glucose extraction fraction was increased. Baron et al. (1984) also found an uncoupling be tween CMR02 and CMR g l u in all seven stroke pa tients studied. A depressed metabolic rate was found in the necrotic core of two recent stroke cases together with a reduction in OEF. Thus, these studies indicate that in the infarcted tissue of pa tients with recent infarct, oxygen consumption is not limited by oxygen supply, since OEF is gener ally low and glucose metabolism is much less af fected than oxygen metabolism, indicating nonoxi dative utilization of glucose. Furthermore, as re ported in our study, intracellular pH is shifted to alkaline pH. Wise et al. (1983) have suggested that an aerobic production of lactate (aerobic glycolysis) could be attributable to the presence of numerous active phagocytic cells, which are known to infil trate the ischemic tissue within 24 h of the onset (Yamaguchi et aI., 1971) . In neutrophils, glycolysis is the predominant mechanism for energy produc tion (Stossel, 1974) . Beck (1958) and Sbarra and Karnovsky (1959) demonstrated that leukocytes ob tained from human blood show a very high aerobic glycolysis and that �20 times more glucose carbon is metabolized to lactate than converted to CO2, Glycolysis under both aerobic and anaerobic con ditions is essential for phagocytosis; the burst of oxygen consumption observed during phagocytosis is related to the synthesis of hydrogen peroxide cat alyzed by the enzyme superoxide dismutase and not to the oxidation of glucose (Badway and Kar nov sky, 1980) . Thus, one might speculate that the luxury perfusion resulting from revascularization in postischemic brain could explain the alkaline shift in pHi' which in turn activates the glycolysis nec essary for the phagocytosis of necrotic cells by inflammatory cells and favors the dismutation reaction with production of superoxide anion (Klebanoff, 1980) .
APPENDIX
The total volume of water Vt present in a brain volume V selected in a brain slice by PET is Vt = jV, where f is the fractional volume of water in the region of interest. This water volume Vt can be written as J Carb Blood F/0I1' Me/ahol, Vol. 5, No. 3, 1985 where Vi' Ve, and Vb are the volumes of intracel lular, extracellular, and blood water, respectively.
In the following, Vb is neglected, because it repre sents only 3-5% of Vt.
One can define the FVECW as and thus Ve = xfV and the fractional volume of intracellular water as and thus Vi = (1 -x)fV
One can see that the quantity xf represents the frac tion of the voxel volume occupied by extracellular water.
Calculation of the regional FVECW The concentration of 76Br measured by PET at equilibrium in a region of interest or in a pixel of volume V, C�;r, is related to the concentration of 76Br in brain extracellular water cirr by the equation Ct� T = ct· xf since bromide is an extracellular ion. c'ir r is calcu lated from measurements of 76Br concentration in plasma C�� a . A correction must be made for the fractional volume of water in plasma and for the Donnan effect (Staffurth and Birchall, 1960; Smith et aI., 1981) . The correction factors used were 0.93 and 0.95, respectively.
The FVECW x is then given by x = Ct�T. 0.88 cp l a ·f
Br
The value selected for fwas 0.77. FVECW is then given by
C Br
To mographic mapping of brain extracellular volume is obtained by calculating x in each pixel of the slice.
Calculation of the regional intracellular pH
The concentration of [IIC]DMO in extracellular water is given by The pHi value can therefore be calculated in each pixel of the slice using the equation where pK a = 6.13, pHe is assumed equal to the arterial pH, and x (FVECW) is calculated from the 76Br scan as described above. The value selected for fwas 0.77.
